A study of the formation of voids and molecular hydrogen in hydrogenated amorphous silicon is presented based upon a hybrid approach that involves inversion of experimental nuclear magnetic resonance data in conjunction with ab initio total-energy relaxations in an augmented solution space. The novelty of this approach is that the voids and molecular hydrogen appear naturally in the model networks unlike conventional approaches, where voids are created artificially by removing silicon atoms from the networks. Two representative models with 16 and 18 at. % of hydrogen are studied in this work. The result shows that the microstructure of the a-Si:H network consists of several microvoids and few molecular hydrogen for concentration above 15 at. % H. The microvoids are highly irregular in shape and size, and have a linear dimension of 5-7 Å . The internal surface of a microvoid is found to be decorated with 4-9 hydrogen atoms in the form of monohydride Si-H configurations as observed in nuclear magnetic resonance experiments. The microstructure consists of (0.9-1.4)% hydrogen molecules of total hydrogen in the networks. These observations are consistent with the outcome of infrared spectroscopy, nuclear magnetic resonance, and calorimetry experiments. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Hydrogenated amorphous silicon (a-Si:H) is one of the most important electronic materials, having applications in solar cells, 1,2 night-vision devices, 3 thin-film transistors, 4 position-detection sensors, 5 liquid crystal display, 6 and many other electro-optical devices. [7] [8] [9] Since the "dangling bond" defect density is very high in pure amorphous silicon (a-Si), it is necessary for electronic applications to passivate these defects with hydrogen. Addition of hydrogen, however, not only changes the electronic properties but also introduces structural changes at the microscopic level. In small doses, it is expected that H primarily ameliorates defects by passivating sp 3 dangling bonds. At the higher concentrations actually employed in most devices however, it also can act as an "etching agent" and break linkages between Si atoms and stimulate the production of voids. Furthermore, the hopping of H is important at higher temperatures, 10 and this hopping must also have an effect on network connectivity.
H-induced microstructural changes produce strong inhomogeneities on the nanometer length scale. Such structures play a major role in determining the properties of a-Si:H. 11, 12 For example, neutron scattering data suggest that the microstructural changes associated with light irradiation can affect the network structure up to several nanometers. 13 This has implications in understanding Staebler-Wronski effect (SWE) 14 -a light-induced degradation of the optical properties of a-Si:H. Since hydrogen can alter the network structure of a-Si, the inclusion of too much hydrogen can be detrimental to its electronic properties as well. Amorphous silicon films containing 7-15 at. % of hydrogen are generally considered as device quality, and correspond to defect density of about 10 15 defects/cm 3 . While the role of "dangling bonds" defects has been studied extensively in the literature, 7, 8 defects associated with inhomogeneities at the nanometer length scale, e.g., voids, poly-vacancies, and columnar growth, are less understood and studied. This statement particularly applies to the theoretical studies of voids and molecular hydrogen in hydrogenated amorphous silicon. Despite the availability of an array of excellent experimental data from neutron [15] [16] [17] and X-ray scattering, 13, [18] [19] [20] nuclear magnetic resonance (NMR), [21] [22] [23] [24] [25] and infrared (IR) absorption measurements, [26] [27] [28] [29] [30] there are few theoretical studies that directly address the nature of these strong inhomogeneities present in the network and their roles in the electronic and optical properties of a-Si:H.
The purpose of this paper is to present the results from a recent study that addresses voids and molecular hydrogen in hydrogenated amorphous silicon at high concentration. The study demonstrates that a recently developed hybrid approach 31 that merges experimental data and a first-principles total-energy functional simultaneously in an augmented solution space has the ability to produce configurations of a-Si:H, where voids and molecular hydrogen appear naturally during hydrogenation of the network. The approach essentially consists of generating a real-space distribution of H atoms via the inversion of experimental NMR data within the solution space constrained by an appropriate total-energy functional in a selfconsistent manner, and provides direct evidence of the formation of voids in models of hydrogenated amorphous silicon. We emphasize that this approach is unbiased: both the dimension and the very existence of the voids are derived from experimental data, while using ab initio interactions to ensure that the configurations obtained are energetically and electronically valid. This is in contrast to earlier work, wherein voids were introduced artificially for studying their effects on the model a-Si:H networks and the dynamics of hydrogen atoms. The present study shows that structural configurations obtained via the hybrid approach not only satisfy experimental input data but also the structural, electronic, and other microstructural properties of a-Si:H. The formation of voids has been observed to depend, among other factors, on the amount of hydrogen present in the network and can be influenced by changing the concentration of hydrogen. The study also indicates that hydrogen molecules can appear inside the voids. The shape and the size of the voids, and the bonding environment of the hydrogen atoms near the void boundary, are also addressed in this study.
Where NMR is concerned, the rigid-lattice spectrum can be obtained by a full diagonalization of the secular dipolar Hamiltonian, from which the spin-correlation functions are easily constructed. 32 This approach yields a 2 n -dimensional spin Hamiltonian, for n the number of spins, and worse, the matrix is dense because of the power-law (r
À3
) fall off of the diploar interaction. In a celebrated paper, 33 Van Vleck showed that it was easy to compute the power moments of the spectral density (Fourier Transforms) of the free induction decay (FID). Alternately, one can view these moments as Taylor coefficients of the FID. The moment method makes an implicit assumption that the spins are all well coupled (assuming a rough equivalence in the spin-spin interactions from site to site). In the language of NMR, one would call this a homogeneously broadened line. While our system is most certainly not spatially homogeneous, it probably is spectrally based upon a detailed study that suggests that a spin concentration of 10% is enough to ensure homogeneous broadening. For lower concentrations of H (outside the scope of this paper), this assumption is probably invalid.
The rest of the paper is organized as follows. Section II summarizes the results from the literature. In Sec. III, a brief description of the hybrid approach for generating hydrogen distributions is presented. Section IV focuses on the validation of these models by addressing the total pair-correlation functions, the bond-angle distribution, and the electronic density of states. An analysis of the hydrogen distribution in real space with an emphasis on the nature of various siliconhydrogen bonding configurations is also included here. The results for the voids and molecular hydrogen are presented in Sec. V, which is followed by a conclusion in Sec. VI.
II. EARLIER WORKS: AN OVERVIEW
Over the past decades, there has been a number of experimental studies that have addressed structural properties of a-Si:H via X-ray [15] [16] [17] and neutron diffractions, 13, [18] [19] [20] nuclear magnetic resonance, [23] [24] [25] 34 electron microscopy, 35 infrared spectroscopy, [26] [27] [28] [29] and calorimetry experiments. 20, 36, 37 Results from earlier studies on hydrogenated amorphous silicon were reviewed by Elliott, 38 Knights, 39 and Taylor. 40 While these studies have provided a wealth of information on various microstructural properties of the material, the exact character of the voids and their role in the dynamics of hydrogen diffusion in the amorphous environment is still not fully understood, and is a subject of continued interest. Small angle X-ray scattering (SAXS) is particularly useful in providing quantitative information about the shape, size, and number density of the inhomogeneities by detecting the fluctuations associated with the electron density in the inhomogeneous regions. A characterization of microvoids in a device-quality glow discharge sample of a-Si:H was made by Mahan et al. 41, 42 by combining SAXS with IR measurements. Their observation suggests that within the Guinier approximation 43 in which the inhomogeneities are dispersed in a homogeneous medium, the radius of the microvoids lies between 6.0 Å and 12.0 Å , and that the interior surfaces of the microvoids are decorated with approximately 4-9 hydrogen atoms bonded to the silicon atoms on the void boundary. In the experiment of D'Antonio and Konnert 15 on glow discharge samples with 15 at. % hydrogen, the distribution of void volumes was extracted from SAXS data, and it was found that the radius of gyration of the voids mostly corresponded to 6-16 Å . Since hydrogen is a strong neutron scatterer, use of neutrons instead of X-ray can provide information on the real-space pair correlation function (PCF) in the wide-angle scattering and the average size of the inhomogeneous regions (e.g., hydrogen clusters) in the smallangle neutron scattering limit (SANS). Neutron scattering has a unique advantage over X-ray; for example, by isotopic substitution of hydrogen with deuterium, it is possible to extract information about the various partial pair-correlation functions of the constituent atoms. Postol and co-workers, 18 and Bellissent et al. 13, 44 obtained the partial pair-correlation functions for sputtered a-Si:H samples with 14 and 16 at. % hydrogen, respectively. Small-angle neutron scattering data obtained in their studies were indicative of the presence of large inhomogeneous structure with a linear dimension of 270 Å and 125 Å , respectively. Recently, Wright et al. 19 have performed a high-resolution neutron diffraction study on hydrogenated and deuterated samples of glow discharge amorphous silicon, and have reported the presence of voids with a Guinier radius of 5-6 Å . These results are consistent with the outcome of NMR experiments. [22] [23] [24] [25] Multiple-quantum nuclear magnetic resonance (MQ-NMR) 23 data conclusively demonstrate the presence of large hydrogen clusters, particularly at high concentration (! 15 at. %) of hydrogen. The cluster size estimated from NMR data is consistent with the size of the inhomogeneities observed in SAXS and SANS studies. Infrared spectroscopy studies by Smets et al. 45 also provide evidence for the existence of microvoids above 14 at. % hydrogen. The discovery of occluded/trapped molecular hydrogen inside the voids at high pressure is further indicative of the presence of voids in a-Si:H. This presence of molecular hydrogen in a-Si:H was first proposed by Conradi and Norberg 36 to explain the anomalous temperature dependence of hydrogen NMR spin-lattice relaxation time observed by Carlos and Taylor. 34 Thereafter, a series of additional NMR, 22, 25 calorimetry, 20, 37 and infrared absorption measurements 46,47 confirmed the presence of approximately (0.5-1) at. % H 2 in a-Si:H. The signature of molecular hydrogen also manifests in the NMR spectrum in the form of a powder-averaged Pake doublet 48 at low temperature. Boyce and Stutzmann 49 have observed such a doublet with a line-splitting of 175 kHz in plasma-deposited a-Si:H samples. These authors have noted a four-fold increase in the molecular hydrogen concentration, from 0.25 at. % in as-deposited films to 1 at. %, upon annealing. While the accuracy of these studies vary among themselves, these studies suggest that voids and molecular hydrogen are present in a-Si:H with the exact size and the number of H molecules being depend upon the concentration of hydrogen, growth conditions, and sample treatment.
Theoretical studies on voids are few and far between. While there exist a variety of theoretical studies on homogeneous systems [50] [51] [52] [53] -from empirical and tight-binding to ab initio approaches-that focus on the structural, electronic, and vibrational properties of hydrogenated amorphous silicon, few of these address the presence of voids and molecular hydrogen. The difficulty associated with hydrogenating a large amorphous silicon network, that is necessary for the inhomogeneities to materialize in the nanometer length scale, continues to be a major obstacle in ab initio studies of voids. The few studies that do address the issue are based on the assumption that voids exist in amorphous silicon, and then proceed to create these voids artificially by removing silicon atoms from previously built models of amorphous silicon. Earlier studies include the effect of voids on the structure factor of amorphous silicon. 54 The study shows that the presence of voids increases the structure factor at very small wave vector below 1.0 Å À1 as observed in the smallangle scattering experiments on a-Si (Ref. 15 ) and a-Si:H. 13 Drabold and co-workers have studied the dynamics of hydrogen atoms within the voids, 55, 56 and the effect on the vibrational density of states 57 via ab initio molecular dynamics (AIMD) simulations. While these studies do reveal some useful information on the dynamics of H atoms in the presence of voids, direct evidence for the presence of voids cannot be inferred from such studies. Thus information on the shape and the size of the voids, their distributions, and the correlation between the size and the concentration of hydrogen present in the network cannot be obtained from these works. A fundamental question here is the mechanism of void formation in an amorphous network and, to what extent, the presence of hydrogen atoms can affect such a mechanism. To address some of these questions, it is necessary to generate large models of a-Si:H via an approach that is capable of forming voids naturally as the (hydrogen) microstructure of a network evolves during hydrogenation.
III. INFORMATION-BASED PARADIGM FOR STRUCTURAL INVERSION, GUIDED BY AB INITIO INTERACTIONS
The hybrid strategy employed here to generate a hydrogen distribution relies on the inversion of experimental nuclear magnetic resonance data. 31 Since the structure of amorphous silicon can be obtained by a variety of methods, 58 -60 the key problem involves incorporating a correct distribution of hydrogen in a model of amorphous silicon. In the conventional approach, the problem is addressed by passivating the dangling bonds with hydrogen, which is followed by a relaxation of the new configuration via a firstprinciples total-energy functional. While such an approach can produce a reasonably good model, 50, 51, 61, 62 the final hydrogen distribution obtained in this approach is constrained by, and correlated to, the distribution of dangling bonds in the starting amorphous silicon network, and subject to the a priori biases of the modeler.
The hybrid approach specified here is based upon the assumption that by inverting one-dimensional NMR spectra, it is possible to construct model three-dimensional distribution of hydrogen atoms in real space. Such inversions cannot be achieved uniquely for a given NMR spectrum alone and, thus, necessitates the use of additional information, such as the size of hydrogen clusters derived from experimental NMR data, and critically, accurate total energies and forces from a current ab initio code. A detailed description of the approach and its implementation can be found in Ref. 31 . Hereafter, only the key steps of this approach are outlined.
First, an ensemble of hydrogen distributions is constructed that takes into account the presence of hydrogen clusters and their sizes as obtained from NMR experiments. [22] [23] [24] Apart from the presence of few clusters, hydrogen atoms are randomly distributed in a box for a given density and concentration. Second, the first two non vanishing Van Vleck moments (l 2 , l 4 ) 33 of the NMR spectrum are calculated from the proton positions, and are matched to the moments obtained from the experimental NMR spectra. Together with the cluster data, these NMR optimized prior distributions represent the possible solutions for a hydrogen distribution. Third, the optimized hydrogen distributions are merged with a previously built amorphous silicon network. In the present study, an amorphous silicon network of about 2500 atoms enclosed in a cubic box of size 35.7 Å has been used as a background amorphous matrix. In the process of merging an optimized hydrogen distribution with a silicon matrix, silicon atoms that overlap with the hydrogen atoms at a distance less than the silicon-hydrogen bond length (1.4-1.5) Å are removed. None of the hydrogen atoms is removed to preserve the experimental cluster and moment information. Finally, the combined silicon-hydrogen network is relaxed using the first-principles density functional code SIESTA. 63 A schematic diagram showing the various steps of the method is included in the supplementary materials. 68 The total-energy calculation is done using the firstprinciple density-functional code SIESTA. The Perdew-Zunger formulation of the local density approximation (LDA) 64 is employed in this work along with the norm-conserving Troullier-Martins pseudopotentials, 65 which is factorized into the Kleinmann-Bylander form. 66 SIESTA employs pseudoatomic orbital basis sets to describe the valence electrons that consist of the finite-range numerical pseudoatomic wave functions as proposed by Sankey and Niklewski. 67 In the present work, a minimal or single-f basis is used for Si atoms, whereas a double-f basis is chosen for H atoms. 63 The system is thoroughly relaxed by solving the Kohn-Sham equations using the full self-consistent field approach to obtain the final structure. While the approach can be employed to generate a hydrogen configuration in a range of concentrations, for the purpose of studying voids and molecular hydrogen, we focus on two model configurations with 16 and 18 at. % of hydrogen. Hereafter, the models are referred to as models A and B, respectively.
IV. MODEL CHARACTERIZATION: STRUCTURAL AND ELECTRONIC PROPERTIES
Before addressing the microstructural properties of the networks, we briefly examine the two-and the three-body correlation functions for models A and B, and compare the results to diffraction experiments. A preliminary analysis of the structure can be obtained by studying the total radial distribution function (RDF). It should be noted that while a two-body correlation function is not sufficient to characterize a three-dimensional structure uniquely, it is necessary for any computer-generated model to have the correct radial distribution function that matches the experimental data. 68 In addition to the RDF, the bond-angle distribution and the coordination number of the atoms are examined to determine the structural properties of the models that cannot be obtained via the two-body correlation function. 69 In the following, the neutron-weighted total correlation function is computed in real space, and is compared directly to the experimental data available in the literature. Assuming q ij (r) be the average number density of jth atoms at a distance r from the ith atoms, the partial pair-correlation function g ij (r) can be expressed as the ratio of the density q ij (r) to the homogeneous density q j of jth atoms
Here, c j is the atomic fraction of the jth species and q j ¼ c j .N/V ¼ c j .q 0 . The total radial distribution function J(r) can be written as
The weighting factors A ij are given by
where c i and b i are the atomic fraction and the neutron scattering factor for the ith species, respectively. For the purpose of comparison to the experimental data in Ref. 19 , the correlation function T(r) ¼ J(r)/r is computed here. The total correlation function T(r) for model B is plotted in Fig. 1 along with the experimental data from Ref. 19 . The results match the experimental data very well considering the fact that model B corresponds to 18 at. % H, whereas the experimental data are for 22 at. %H. The first dip in the data near 1.5 Å in Fig. 1 corresponds to Si-H bond length, and the negative value results from the neutron scattering factor of H atoms. The apparent deviation of the theoretical result from the experimental data near 1.5 Å can be attributed to the difference of hydrogen concentration, which results in a less number of Si-H bonds in model B. The average bond angles for models A and B are found to be 108. 65 and 108. 55 with a corresponding root mean square deviation of approximately 13.4 and 13.1 , respectively. Further characterization of the models is possible by calculating the coordination numbers of the silicon atoms and the electronic density of states. For model A, approximately 98.4% of silicon atoms are found to be four-fold coordinated, whereas 0.9% and 0.6% of Si atoms have a coordination number 5 and 3, respectively. This translates into an averaged coordination number of 3.99. The corresponding numbers for model B are 97.7%, 1.5%, 0.8%, and 4.004, respectively. The electronic density of states (EDOS) for the models is calculated within the LDA via SIESTA to examine the effects of few under-and over-coordinated atoms on the EDOS, particularly near the bandgap region. Figure 2 shows the EDOS for models A and B. Although the size of the gap is underestimated in both the cases, 70 it is reasonably clean and consistent with the use of the LDA, and the overall shape of the EDOS matches the experimental data 7, 38 and the theoretical results obtained by others. 52, 77 Having discussed the structural and electronic properties of the hybrid models, we now briefly address the nature of hydrogen microstructure in the networks. Experimental data from NMR and IR spectroscopy indicate that the microstructure of hydrogen in a-Si can be highly inhomogeneous depending on the method of preparation, growth conditions, and the concentration of hydrogen in the samples. Nuclear magnetic resonance experiments suggest that the microstructure (of H) typically consists of clustered and sparse distribution of H atoms, whereas infrared spectroscopy indicates the presence of various silicon-hydrogen bonding configurations by measuring the vibrational frequencies of the bonded hydrogen atoms. A real-space analysis of models A and B does confirm this observation. The hydrogen microstructure is found to be highly inhomogeneous with a variety of several silicon-hydrogen bonding configurations that are realized in a clustered and a sparse environment (of H atoms). The distribution of hydrogen is mostly dominated by monoand dihydride configurations, which is in agreement with IR experiments [26] [27] [28] [29] as well as with the results obtained from the recent theoretical works on hydrogen microstructure. 71, 72 Analysis of various hydrogen-bonding configurations in model A shows that approximately 74.6% of total hydrogen atoms are bonded to silicon as SiH, 21.1% as SiH 2 , 2.9% as SiH 3 , and only 1.4% as molecular hydrogen (H 2 ). The corresponding numbers for model B are 75.4% (SiH), 19.6% (SiH 2 ), 3.3% (SiH 3 ), and 0.9% (H 2 ). The statistics of various silicon-hydrogen bonding configurations along with the percentage of hydrogen atoms in clustered and dilute phases are listed in Table I . The majority of the H atoms are found to be realized in a clustered phase, as is expected at high hydrogen concentration. Likewise, there are a few H atoms that appear as a part of a very dilute phase, which are separated by at least 3.0 Å from the neighboring H atoms. The remaining H atoms are dispersed in an intermediate phase, which is neither a clustered nor dilute. The spatial inhomogeneity of the hydrogen distribution can be studied further by partitioning the entire network into several small non-overlapping regions, and analyzing the distribution of hydrogen atoms in these regions.
In Fig. 3 , the results obtained by partitioning model A into a number of cubic cells of linear dimension 7.0 Å are presented. The average number of H atoms in a cell is indicated in Fig. 3 . This average depends on the size of the cell and, for a cell of size 7.0 Å , is given by N h ¼ 3.3 Although, this one-dimensional plot does not provide a full picture of the real-space distribution of hydrogen atoms in the network, the fluctuation in the number of atoms in different cells does indicate a high degree of inhomogeneity in the real-space distribution of hydrogen atoms. For example, it is evident from Fig. 3 , there are seven hydrogen-rich regions in the network that have more than eight hydrogen atoms for a partition size of 7.0 Å . Similarly, there are several regions in the network that have few hydrogen atoms in the form of a monohydride or a dihydride configuration that indicates the presence of isolated Si-H and H-Si-H bonding. Such regions, when appear next to each other, can form a sparse or a dilute distribution of H atoms, and have been observed in the NMR and the IR studies. Likewise, the absence of hydrogen atoms in several regions is also apparent from the histogram in Fig. 3 . Although the exact number of H clusters depends to an extent on the size of the partition, a further analysis reveals that approximately (35-50)% of total H atoms reside in the clustered phase, including several small cluster of 4-7 H atoms and few large clusters of 8-13 H atoms having a linear dimension in the range 4.0-7.0 Å . An example of such a cluster from models A and B is shown in Figs. 4 and 5 , respectively. The radius of both the silicon-hydrogen complexes in the figure is about 5.0 Å , and consists of 9 and 11 hydrogen atoms. The Gaussian isosurface 73 surrounding the silicon and hydrogen atoms is also drawn to indicate the void region inside the complexes.
V. VOIDS AND MOLECULAR HYDROGEN
Voids are nanoscale inhomogeneities that introduce density fluctuations in the network of amorphous silicon. The absence of several atoms in a network generally constitutes a microvoid and can have a radius of 5-20 Å depending on the number of missing atoms. Experimental data 13, 15, 19, 22, 41 suggest that the presence of voids in hydrogenated amorphous silicon is strongly influenced by the method of preparation, growth conditions, and the concentration of hydrogen in a sample. Hydrogen evolution experiments via calorimetry However, a more compact structure results at high substrate temperature (>200 C) that makes it difficult for the trapped hydrogen to diffuse through the network. Although microvoids have been observed in device-quality a-Si:H samples, it is now generally accepted that the presence of voids is facilitated with increasing hydrogen concentration and can degrade the electronic quality of the samples at high concentration beyond 18-20 at. %H. SAXS data combined with infrared absorption experiments suggests that the surface of a microvoid is decorated with 4-9 hydrogen atoms bonded to the silicon atoms on the surface. 74 The discovery of occluded/ trapped hydrogen at high pressure is further indicative of the presence of voids in hydrogen-rich a-Si networks. 22, 34, 36, 46, 47 Ab initio simulations of voids in a-Si:H are confronted with two major difficulties. First, since the voids are nanoscale inhomogeneities, a large model with a linear dimension of several tens of nanometer is needed from scratch for the voids to realize in the network. However, the cubic scaling of (computational demand) most ab initio algorithms with the system size makes it very difficult and computationally hard to generate such large realistic models of a-Si:H. Second, even if an improved scaling approach is available, there is no guarantee that the correct structure of a-Si:H can be obtained from direct AIMD simulations. Since amorphous silicon is not a glass, the conventional "melt-quench" procedure via AIMD tends to produce poor a-Si:H networks with too many defects. While the problem can be ameliorated by employing amorphous silicon networks obtained from other approaches, 58-60 the hydrogenation of the pure a-Si network continues to pose a problem. The majority of the current approaches follows the latter that involves passivation of the dangling bonds of a pure amorphous silicon network, and subsequent relaxation (or annealing) of the resulting configuration by using a firstprinciple total-energy functional. The process is then repeated until the defect density and the concentration of hydrogen are within an acceptable limit. A number of aSi:H models have been produced following this route that correctly describe the structural, electronic, and the vibrational properties of a-Si:H. [50] [51] [52] [53] 61, 62 However, none of these models shows the presence of voids in the structure. The hallmark of the present hybrid approach is that the voids, vacancies, molecular hydrogen, and other characteristic features of hydrogen microstructure evolve naturally during hydrogenation of the network via the inversion of NMR moments in the augmented solution space. This remarkable feature distinguishes the hybrid approach from the conventional first-principle methods where the only recourse to study voids is to create them artificially in the networks. A real-space analysis of the hybrid models in the concentration range 10-22 at. %H reveals that the voids are more likely to form at concentrations above 15%. Although the current implementation of the method does not permit us to track the real-time dynamics of void formation, an examination of relaxation steps reveals that a void is likely to evolve during structural relaxation in the vicinity of a clustered hydrogen environment, a consequence of hydrogen "etching." The presence of several hydrogen atoms in the form of mono-and dihydrides stimulates the formation of a void. The network reduces its strain during relaxation by rearranging the hydrogen and silicon atoms near the clustered hydrogen region, which in turn produces a void in the region. This possibly explains the presence of hydrogen atoms on the surface of a void. 20, 41 A schematic representation of such an arrangement (in two-dimension) is shown in Fig. 6 . Due to the limited size of the models, the microvoids observed here are relatively small in size and have a diameter in the range of 5.0-7.0 Å . Figure 7 shows the structure of two microvoids that have been observed in models A and B. The radius of the silicon-hydrogen complexes shown in the figure is about 6.0 Å , and this includes a cavity of linear size 3.0-3.4 Å . The latter has been detected by partitioning the entire model into a number of small cubic cells. The local density of the atoms associated with each cell is calculated to identify the low-density or void regions. For visual clarity, the Gaussian isosurfaces associated with the silicon and hydrogen atoms are also shown in Fig. 7 that indicate the regions with no atoms (i.e., voids). Figure 8 shows another representative void that realizes in model B with a number of monohydride configurations on the surface of the void. This can be understood as a three-dimensional analog of the two-dimensional (schematic) diagram shown in Fig. 6 . Analysis of the void surface shows that nine monohydride (SiH) configurations have been realized on the surface of this void. The presence of such SiH configurations appears to be related to the concentration of H atoms in the networks. While few such SiH configurations have been observed at low concentration (model A) on the void surface (cf. left image in Fig. 7 ), the presence of more H atoms at high concentration facilitates the formation of SiH configurations near a void boundary as observed in Fig. 8 .
Finally, it is important to note the presence of few molecular hydrogen that has been observed in the hybrid models based only upon inference from experiment and ab initio interactions. As mentioned in Sec. II, voids are intimately related to the presence of molecular hydrogen, particularly at low temperature and high pressure. Originally suggested from calorimetric measurements 36 and later confirmed by infrared and NMR experiments, 22, 46, 47, 75 it is now accepted that depending on the temperature, pressure, the method of preparation and the growth conditions, hydrogenated amorphous silicon may contain up to 1 at. % of molecular hydrogen. 37, 49 Owing to the static nature of the hybrid approach, the thermodynamics of molecular hydrogen cannot be addressed here unless an appropriate statistical ensemble is introduced to study the models further. Nonetheless, it is interesting to note that few molecular hydrogen have been realized in the static hybrid models. Analysis of models A and B shows the presence of few hydrogen molecules with a bonding distance less than 0.87 Å , which has been also reflected in the H-H pair-correlation function (see supplementary materials for details). At first glance, it may appear to be an artifact of incomplete relaxation of the network that might have caused two hydrogen atoms to come closer to form a molecule-like configuration. However, subsequent relaxations show that these H-H configurations are very stable under perturbation, and a further analysis of the local network reveals that the nearest silicon atom in all the cases is at a distance of more than 2.6 Å . The nearest hydrogen (in SiH) from these H-H configurations is found to be within a distance of 3.5-4.5 Å . Therefore, it is more likely that that these H-H configurations indeed represent hydrogen molecules that are realized within the microvoids. It may be noted that the spin-echo experiments coupled with T 1 measurements by Fry et al. 76 suggest that hydrogen molecules should be at least 10 Å away from the nearest atomic hydrogen. This assertion, however, was deduced for occluded H 2 at high pressure and low temperature. Thus, it is not be unexpected to observe few H 2 molecules in a microvoid with a diameter of 5-7 Å . In Fig. 9 , silicon-hydrogen complexes with a hydrogen molecule inside a small microvoid for models A and B are shown. The left complex and the right complex correspond to models A and B, respectively, and are surrounded by different number of hydrogen atoms. In both cases, assuming a spherical shape, the radius of the microvoids lies within 3.0-4.0 Å . In model A, three such hydrogen pairs have been observed that are separated by a distance of 0.85-0.90 Å , whereas in model B, two molecular hydrogens have been realized. This translates into approximately 0.87-1.4% of total hydrogen atoms in models B and A, which is close to the experimental value of 0.5-1% of hydrogen as observed from nuclear magnetic resonance and calorimetric measurements. However, it should be noted that the results from the hybrid models are subject to statistical uncertainties due to the relatively small size of the models as well as the presence of very few hydrogen molecules. Thus, it is not possible to predict accurately the concentration of hydrogen molecules from this study. Nonetheless, it is evident from the present study that microvoids do exist in hydrogenated a-Si at high concentration, and that few hydrogen molecules realize inside the microvoids. This observation thus provides a direct evidence of the presence of microvoids and molecular hydrogen in a-Si:H from ab initio calculations guided by experimental data. Further studies with significantly larger models are needed for accurate calculation of the concentration of molecular hydrogen on a-Si:H.
VI. CONCLUSION
The distribution of hydrogen in amorphous silicon is addressed with particular emphasis on voids and molecular hydrogen at high concentration (of hydrogen) using a novel hybrid approach that directly utilizes experimental nuclear magnetic resonance data in constructing model configurations of hydrogenated amorphous silicon. Structural properties of the models are examined with particular emphasis on the two-and the three-body correlation functions. 68 The neutron-weighted total pair-correlation data for a model configuration are compared to the experimental neutron diffraction data, and are found to be in excellent agreement with the latter. Structural properties associated with the higherorder correlation functions, such as the bond-angle distributions and the co-ordination number of the atoms, are also examined for the model networks. The total bond-angle distribution and the coordination number of the atoms show that the models have the characteristic features of tetrahedral structure with an average bond angles around 108. 5 and an RMS deviation near 13.3 with an average coordination number 3.99-4.003. Furthermore, the electronic density of states for the models obtained via the first-principles density functional Hamiltonian shows that the results are consistent with the conventional models of a-Si:H. Real space analysis of hydrogen microstructure of the model configurations in the concentration range 16-18%H shows that the distribution (of H atoms) is characterized by the presence of several hydrogen clusters with a radius of 4-6 Å in the background of a sparse or dilute distribution of H atoms with majority of the hydrogen atoms realized as monohydride (SiH) and dihydride (SiH 2 ) configurations. These results are in agreement with the nuclear magnetic resonance and infrared measurements as mentioned in Sec. II.
A very remarkable feature of the hybrid approach is its ability to produce small microvoids and few hydrogen molecules within the microvoids during hydrogenation that makes it possible to study structure and formation of voids in hydrogenated sample of amorphous silicon. The hydrogen microstructure of the model configurations is characterized by the presence of several microvoids and few hydrogen molecules. The microvoids have been found to be realized with a linear dimension of 3.0-4.0 Å at high concentration (>15.0%H) along with few hydrogen molecules within the voids. The shape and the size of the microvoids are highly irregular depending on the concentration of H atoms. The approximate size and the shape of the microvoids are determined by partitioning the model into small cells and constructing the Gaussian isosurfaces around the constituent atoms within the cells. This suggests that the linear size of the microvoids [within the cells] lies in the range 3.0-4.0 Å , which is equivalent to spherical voids of diameter in the range 5-7 Å . The surface of the microvoids is found to be decorated with monohydride SiH configurations, the number of which depends on the concentration and the size of the microvoids. Although the size of the models constrains us to calculate the concentration of molecular hydrogen accurately, it is noteworthy that approximately 0.9-1.4% of total hydrogen have realized in molecular state.
